Compressible Graphene-Coated Polymer Foams with Ultralow 
Density for Adjustable Electromagnetic Interference (EMI) Shielding 


Bin Shen, Yang Li, Wentao Zhai,* and Wenge Zheng* 


Ningbo Key Laboratory of Polymer Materials, Ningbo Institute of Material Technology and Engineering, Chinese Academy of 


Sciences, Ningbo, Zhejiang 315201, China 


© Supporting Information 


PU sponge 


PU/GO foa 


A; 


ABSTRACT: The fabrication of low-density and compressible polymer/graphene composite (PGC) foams for adjustable 
electromagnetic interference (EMI) shielding remains a daunting challenge. Herein, ultralightweight and compressible PGC 
foams have been developed by simple solution dip-coating of graphene on commercial polyurethane (PU) sponges with highly 
porous network structure. The resultant PU/graphene (PUG) foams had a density as low as ~0.027—0.030 g/cm? and possessed 
good comprehensive EMI shielding performance together with an absorption-dominant mechanism, possibly due to both 
conductive dissipation and multiple reflections and scattering of EM waves by the inside 3D conductive graphene network. 
Moreover, by taking advantage of their remarkable compressibility, the shielding performance of the PUG foams could be simply 
adjusted through a simple mechanical compression, showing promise for adjustable EMI shielding. We believe that the strategy 
for fabricating PGC foams through a simple dip-coating method could potentially promote the large-scale production of 


lightweight foam materials for EMI shielding. 
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1. INTRODUCTION 


Nowadays, electromagnetic pollution has been increasing at a 
noticeable rate due to the rapid development of various 
electronic devices, such as communication facilities, wireless 
networks, and portable digital hardware.’ * Graphene, the 
newly discovered 2D carbon allotrope, possesses a variety of 
remarkable properties,’ such as large aspect ratio and high 
electrical conductivity, and thereby has been widely investigated 
to produce high-performance graphene-based electromagnetic 
interference (EMI) shielding materials." '° Especially, the 
fabrication of conductive polymer/graphene composites 
(PGC) for EMI shielding is attracting more and more 
attention," '* due to their advantages of good processability 
and light weight. To further reduce the weight with the purpose 
of meeting the “low-density” requirement in some special fields 
including the aerospace and automobile industries, novel PGC 
foams with porous structure have been innovatively fabricated 
through different foaming processes.” ~* 

Generally, a high content of graphene sheets (~S—30 wt %) 
in polymer matrices is usually essential for PGC foams to form 
effective conductive networks and obtain an ideal shielding 


effectiveness (SE). For instance, our group has fabricated 
poly(methyl methacrylate)/graphene composite foams by using 
subcritical CO,, and an EMI SE of ~13—19 dB and a density of 
~0.79 g/cm? were obtained with a graphene loading of ~5 wt 
%.'° The polystyrene/graphene composite foamed with a salt- 
leaching method displayed an EMI SE of ~17 dB at a density of 
~0.27 g/cm? when graphene loading reached ~30 wt % 20 
However, such a high graphene loading would significantly 
decrease the foamability of the composites, thereby greatly 
limiting their expansion ratio. That is why the density of most 
PGC foams is larger than ~0.27 g/ cm?,'’~*3 which is still too 
high to fully embody the superiority of lightweight foam 
materials. Recently, highly conductive graphene foam was first 
synthesized by a template-directed chemical vapor deposition 
(CVD) method, and a novel PGC foam with a low density of 
~0.06 g/cm? was then prepared by coating a thin layer of 
poly(dimethylsiloxane) onto the graphene foam; its EMI SE 
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Figure 1. (A) Overall fabrication process of the PUG foams, including dip-coating GO sheets onto the PU frameworks and then hydrothermally 
reducing by hydrazine vapor. (B) A piece of PUG-5 foam with dimensions of 30 X 20 X 15 mm’ and its fracture surface after being torn from the 
middle position. (C) A block of PUG-5 foam on the leaf of an asparagus fern. (D, E) Optical and SEM images of the original PU sponge and 
corresponding PUG-S foam. (F) Compressing and releasing process of the PUG-S foam, showing excellent compressibility. 


was as high as ~20 dB in X-band.** Nevertheless, the 
complicated and energy-consuming preparation process has 
restricted its practical applications. On the other hand, for all of 
the reported PGC or PGC foams, the adjustment of their 
shielding performance is almost only through unhandily 
changing either graphene content or sample thickness,''~~* 
and to our best knowledge, there have been no reports on 
exploring new methods to conveniently tune the shielding 
performance. To solve this problem, we believe that the 
fabrication of compressible PGC foam should be a promising 
method, because the excellent compressibility may endow the 
foam with strain-responsive characteristic, thus realizing the 
performance adjustment through a simple mechanical com- 
pression. However, the PGC foams with high graphene loading 


20,22,23 


always suffer from a brittle mechanical property, mainly 


due to severe agglomeration of graphene and poor interfacial 
adhesion between the graphene and matrix. 

In this contribution, we have developed ultralightweight and 
compressible PGC foams by a simple solution dip-coating of 
graphene on commercial polyurethane (PU) sponges with 
highly porous structure, because it has been reported that 
graphene sheets could be easily coated on different 
polymers.” The resultant PU/graphene (PUG) foams had 
a density as low as ~0.027—0.030 g/cm? and also exhibited 
good comprehensive shielding performance due to the 
formation of 3D conductive graphene network around the 
PU frameworks. Moreover, by taking advantage of their 
excellent compressibility, the shielding performance of the 
PUG foams could be adjusted very conveniently through a 
simple mechanical compression, showing promise for adjust- 
able EMI shielding. 


2. EXPERIMENTAL SECTION 


2.1. Fabrication of PUG Foams. The PUG foams were fabricated 
by a simple solution dip-coating method. First, graphite oxide was 
synthesized according to a modified Hummer’s method, and graphene 
oxide (GO) suspension with a concentration of 3 mg/mL was 
prepared by exfoliation of graphite oxide in distilled water with the 
assistance of ultrasonication. Then, the commercial PU sponges were 
dip-coated in the as-prepared GO suspension by a repetitive squeezing 
and then directly dried in an air-circulating oven at 90 °C. During the 
drying process, the evaporation of water would lead to the self- 
assembly of GO sheets onto the surface of PU skeletons, resulting in 
the formation of a thin GO layer. Finally, the above products were put 
into a Teflon vessel prefilled with 3 mL of hydrazine monohydrate and 
further hydrothermally reduced in an air-circulating oven at 90 °C for 
2 h to yield the final PUG foams with reduced graphene oxide (rGO) 
sheets. 

2.2. Characterizations. Raman spectra were conducted using a 
Labram spectrometer (Super LabRam II system) with a laser of 532 
nm. X-ray photoelectron spectroscopy (XPS) was measured on a 
Kratos multifunctional X-ray photoelectron spectroscope (AXIS 
ULTRA) using Al (mono) Ka radiation under 1.2 x 107° Torron. 
Scanning electron microscopy (SEM) observation was carried out on a 
field emission SEM (Hitachi S-4800) at an accelerating voltage of 4 
kV. The electrical conductivity of the samples was measured using a 
two-point probe method with two copper electrodes. The S 
parameters (Sı; and S,,) were measured with a Rohde & Schwarz 
ZVA67 vector network analyzer (VNA) using the waveguide method 
in the X-band region, and the samples with different thicknesses were 
cut into small pieces with dimensions of 22.5 X 10.0 mm’ to well fit 
the waveguide holders. The values of SE total, SE absorption, and SE 
reflection was determined on the basis of the measured S parameters 
as follows: 


R= ISP, T= ISa? 
A=1-R-T 


SE, .¢ (dB) = —10 log(1 — R), SE», (dB) = —10 log(T/(1 — R)) 


P 
SE otai (dB) = 10 log] + | = SE, .¢ + SE,p5 
Pr 
R is the reflection coefficient, T is the transmission coefficient, and A is 
the absorption coefficient. P; is the incident power, and Py is the 
transmitted power. 


3. RESULTS AND DISCUSSION 


The PUG foams were fabricated by coating rGO sheets onto 
the skeletons of PU sponges through a simple solution dip- 
coating method and followed by reduction in hydrazine vapor, 
as described schematically in Figure 1A. It is worth mentioning 
that the density of the resultant PUG foam could be easily 
tuned by choosing PU sponges with different densities, and the 
rGO content in the PUG foam could be simply tuned by 
adjusting the number of dips in the GO suspension. In this 
work, a PU sponge with an ultralow density was chosen as the 
matrix, and two types of PUG foams were prepared: the PUG 
foam with one dip in the GO suspension, and the PUG foam 
with two dips in the GO suspension. According to the mass 
change before and after dip-coating, the rGO content in the 
above two different PUG foams was estimated to be ~S and 
~10 wt %, and hence they were conveniently labeled as PUG-S 
and PUG-10 foams, respectively. Unlike the PU sponge that 
was faint yellow in color, the as-obtained PUG foams presented 
a uniform black appearance. To confirm that the rGO sheets 
could penetrate into the sponge inside, a piece of PUG-S foam 
with dimensions of 30 X 20 xX 15 mm? was torn from the 
middle position by hand as described in Figure 1B, and it could 


be clearly seen that the fracture surface was also uniformly 
black, indicating the deep penetration of rGO sheets inside the 
PUG foams. Furthermore, the density of the PUG foams was 
further calculated by the ratio of mass to volume, suggesting 
that the PUG-S and PUG-10 foams showed ultralow densities 
of ~0.027 and ~0.030 g/cm’, respectively (Figure 1C, a ~13.5 
cm? block of PUG-5 foam could be supported on the leaf of an 
asparagus fern), which should be the lowest density of PGC 
foams for EMI shielding ever reported. 

The successful reduction of GO sheets was confirmed by 
Raman spectroscopy and XPS in Figure 2. To the best 
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Figure 2. (A) Raman spectra and (B) high-resolution XPS analysis (C 
1s) of pristine GO and rGO sheets stripped from the PUG foam by 


strong ultrasonic vibration. 


knowledge, the peaks around ~1330 and ~1590 cm™! were 
called the D-band and G-band, and the intensity ratio between 
them (Ip/Igy which is determined by integration of their peak 
areas) could indicate the degree of disorder and average size of 
sp? carbon domains.” Compared with pristine GO, the G-band 
of rGO sheets stripped from the PUG foam by strong 
ultrasonic vibration red-shifted from 1593 to 1588 cm“, and its 
Ip/Ig intensity ratio increased from ~1.35 to ~1.58, indicating 
that the more numerous but smaller sp” carbon domains have 
partially recovered after the reduction. *”° In the XPS analysis, 
three different carbon components, including C=O (~288.0 
eV), C—O (~286.0 eV), and C=C/C—C (~284.5 eV), were 
split from the C 1s scan spectra on the basis of different binding 
energies. Obviously, the relative atomic percentages of C—O 
and C=O groups in rGO sheets (~24.7 and ~7.8%) decreased 
dramatically in comparison with that in pristine GO ( 32.5 and 
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Figure 3. (A) Experiment setup for EMI shielding measurement: vector network analyzer with the waveguide. (B—D) SE total, SE absorption, and 
SE reflection of the PUG-S foams with different thicknesses of ~2, ~4, and ~6 cm at the original state and after the first three compression cycles. 
(E-G) SE total, SE absorption, and SE reflection of the PUG-10 foams with different thicknesses of ~2, ~4, and ~6 cm at the original state and after 


the first three compression cycles. 


~14.0%), further confirming the removal of oxygen groups 
during the reduction. 

The morphological evolution of the PUG foams was 
investigated by SEM observation using the PUG-S foam as 
an example. As shown in Figure 1D,E, the original PU sponge 
has a highly porous 3D network structure with pore sizes 
around hundreds of microns. After dip-coating, the overall 
morphology of the PUG-5 foam changed almost nothing, but 
the skeletons changing from smooth to rough suggested that 
the graphene sheets have been successfully assembled around 
the PU frameworks. That is why electrical conductivities of 
~0.09 and ~0.25 S/m have been measured using a two-point 
probe method in the PUG-S and PUG-S foams. Moreover, the 
PU frameworks in the PUG-S foam could be almost completely 
removed by pyrolysis in nitrogen atmosphere at 1000 °C (as 
shown in Figure S1, there was little remaining mass at 1000 °C 
in the TGA curve of the original PU sponge), leaving behind 
the 3D conductive network of graphene sheets (Figure S2). We 
believe that this 3D conductive graphene network in the PUG 
foams could not only interact with the incoming EM waves but 
also enhance the internal multiple reflections and scattering of 
EM waves at the large cell—matrix interfaces with impedance 
mismatch,'”**"°~** thereby realizing the attenuation of EM 
energy by both conductive dissipation and multiple reflections 
and scattering during EMI shielding. In addition, because 
graphene sheets were only wrapped on the surface of PU 
frameworks, the remarkable compressibility of the original PU 
sponge was well reserved to the PUG foams. For example, as 
exhibited in Figure 1F, the PUG-S foam can be compressed 
~80% of its original thickness and then completely recover its 
original shape without significant plastic deformation even after 
hundreds of cycles. This compressible advantage combined 
with the merit of the 3D conductive graphene network may 
endow the PUG foams with adjustable EMI shielding behavior. 


To investigate the EMI shielding performance, the S 
parameters (S,, and S,,) of the samples were measured with 
VNA using the waveguide method in X-band (Figure 3A). As 
shown in Figure 3B,E, the original PUG-5 foams with 
thicknesses of ~2, ~4, and ~6 cm had average SE totals of 
12.4, 24.6, and 34.7 dB over the measured frequency range. 
With further increasing the graphene loading, the average SE 
total of the original PUG-10 foam was found to be substantially 
improved due to the increased electrical conductivity, reaching 
19.9 and 41.6 dB for samples with thicknesses of ~2 and ~4 cm 
and an even higher value of 57.7 dB for the sample with a 
thickness of ~6 cm, far surpassing the target level of ~20 dB 
required for commercial application. However, after the first 
three compression cycles (the applied compressive strain was 
~80%), the corresponding average SE totals at sample 
thicknesses of ~2, ~4, and ~6 cm were irreversibly reduced 
to 6.7, 13.0, and 22.3 dB for the PUG-S foam and to 14.2, 22.4, 
and 39.4 dB for the PUG-10 foam, respectively. This 
irreversible change may be due to the partial permanent 
cracking of the 3D conductive graphene network in the original 
PUG foams during the initial compressions, ™°4 which 
decreased the electrical conductivity of the PUG-S and PUG- 
10 foams to 0.03 and 0.06 S/m, respectively. Nonetheless, their 
shielding performance remained essentially constant during the 
subsequent compression cycles, demonstrating excellent 
structural integrity of the 3D conductive graphene network 
after the initial compressions. 

To further clarify the underlying mechanism, the SE 
absorption and SE reflection of the PUG foams were calculated 
from the measured S parameters. As displayed in Figure 
3C,D,F,G, it can be obviously seen that the value of SE 
reflection is far less than that of SE absorption, indicating an 
absorption-dominant shielding mechanism for such PUG 
foams, which should be attributed to their highly porous 
structure together with the inside 3D conductive graphene 


Table 1. EMI Shielding Performance of the Reported PGC or PGC Foams? 


graphene density 
name content (g/cm”) 

epoxy ~15 wt % 

PMMA ~4.23 vol % 1.19 
PS ~10 wt % 1.04 
PEI ~10 wt % 1.28 
WPU ~5.0 vol % 1.43 
WPU ~5.0 vol % 1.43 
WPU ~7.5 wt % 

UHMWPE ~0.66 vol % 0.94 
PS ~7.0 wt % 1.04 
PMMA foam ~5.0 wt % 0.79 
PS foam ~30.0 wt % 0.45 
PS foam ~30.0 wt % 0.27 
PDMS foam ~0.8 wt % 0.06 
PVDF foam ~7.0 wt % 

PEI foam ~10 wt % 0.29 
PI foam ~16.0 wt % 0.28 
PUG-S foam (original) ~5.0 wt % 0.027 
PUG-10 foam (original) ~10.0 wt % 0.030 
PUG-S foam (after the initial three compression ~5.0 wt % 0.027 

cycles) 
PUG-10 foam (after the initial three ~10.0 wt % 0.030 


compression cycles) 


thickness 
(mm) EMI SE (dB) specific SE value (dB-cm?/g) ref 
~21 11 
~3.4 ~30 ~74 12 
~2.8 ~18 ~62 13 
~2.3 ~20 ~68 22 
~2.0 ~32 ~112 14 
~38 15 
~1.0 ~34 16 
~2.5 28.3—32.4 120—138 I7 
~2.5 ~45.1 ~173 18 
~24 ~19 ~100 19 
~2.5 ~29.3 ~260 20 
~2.5 ~173 ~256 20 
~1.0 ~20 ~3333 24 
~28 21 
~2.3 ~ll ~165 22 
~0.8 17—21 759=937 23 
~20—60 ~12.4 to ~34.7 >210 this work 
~20—60 ~19.9 to ~57.7 >320 this work 
~20—60 ~6.7 to ~22.3 >120 this work 
~20—60 ~14.2 to ~39.4 >180 this work 


“PMMA, poly(methyl methacrylate); PS, polystyrene; PEI, polyetherimide; WPU, waterborne polyurethane; UHMWPE, ultrahigh molecular weight 
polyethylene; PDMS, poly(dimethylsiloxane); PVDF, poly(vinylidene fluoride); PI, polyimide. 


network. It is because the highly porous structure could decease 
the impedance mismatch at the interface between the foam and 
air, thereby weakening the back reflection and ensure deep 
penetration of most EM waves into the foam, that the inside 3D 
conductive graphene network could convert the entered EM 
energy into heat by both conductive dissipation and multiple 
reflections and scattering as much as possible. Moreover, as 
indicated by the XPS analysis in Figure 2B, the graphene (rGO) 
sheets in the PUG foams still contain many structural defects 
and oxygen groups after chemical reduction. According to some 
reported literature,” °” these unevenly distributed defects and 
groups could not only induce the dipole polarization but also 
lead to orientation polarization under the EM field, thereby 
resulting in more EM energy being dissipated and further 
improving the absorption performance. Besides, the compar- 
ison of SE absorption and SE reflection between the PUG-S 
and PUG-10 foams with different thicknesses revealed that the 
improvements of SE total in the PUG foams with increased 
sample thickness mainly came from the contribution of SE 
absorption, which should be due to the fact that, for the same 
material, SE absorption is mainly dependent on the sample 
thickness, whereas SE reflection is closely bound with the 
sample interfacial conditions.**°” 

Table 1 lists the corresponding shielding performance of the 
recently reported PGC and PGC foams in the X-band 
region. "° Generally, light weight and thin thickness account 
for a considerable proportion in designing and evaluating the 
shielding materials. Therefore, to conduct the performance 
comparison more comprehensively, we introduce a concept of 
the specific SE value (SE total divided by product of density 
and thickness) integrated with both density and thickness. 
Because SE reflection is independent of sample thickness,*”*” 
the above specific SE value would not be a constant when the 
sample thickness was changed. Nevertheless, if the value of SE 
absorption is much larger than that of SE reflection (the 


absorption-dominant EM shielding), the SE total of the 
shielding material should be roughly proportional to the 
sample thickness, which means that its specific SE value would 
not be a big change with changing sample thickness. Because 
most of the reported PGC or PGC foams possess the 
absorption-dominant EM shielding, the use of their specific 
SE value for the performance comparison should have a certain 
reference. As shown in Table 2, the specific SE values of the 


Table 2. Specific SE Value of the PUG Foams with Different 
Thicknesses 


specific SE value (dB-cm?/g) 


thickness thickness thickness 
sample name =2cm =4cm =6cm 
PUG-S foam (original) 229 228 214 >210 
PUG-10 foam (original) 332 347 321 >320 
PUG-S foam (after the initial 124 120 137 >120 
three compression cycles) 
PUG-10 foam (after the initial 237 187 219 >180 


three compression cycles) 


original PUG-5 and PUG-10 foams were calculated to be above 
210 and 320 dB-cm?/g, and those of the PUG-5 and PUG-10 
foams after the initial compressions were calculated to be above 
120 and 180 dB-cm?/g, respectively, which are higher than or 
comparable to those found in most of the reported PGC or 
PGC foams with much smaller sample thicknesses. This result 
suggested that, despite the large effective thickness of several 
centimeters, the high total SE value combined with the ultralow 
density still endows the PUG foams with a good comprehensive 
shielding performance. Certainly, the higher specific SE value 
was also reported in some PGC foams, ””** possibly due to 
the much higher graphene loading or the more conductive 
graphene network prepared by CVD method. 
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Figure 4. (A—C) SE total, SE absorption, and SE reflection of the PUG-5 foam with a thickness of ~6 cm under different compressive strains. (D— 
F) SE total, SE absorption, and SE reflection of the PUG-10 foam with a thickness of ~6 cm under different compressive strains. (G) Cross-sectional 


SEM images of the PUG-S foam under different compressive strains. 


Furthermore, the effect of different compressive strains on 
the shielding performance of the PUG foams was further 
investigated after the initial three compression cycles. As 
displayed in Figure 4A—F, with the applied compressive strain 
increasing from ~0 to ~25, ~50, and ~75%, the average SE 
total of the PUG-S foam with a thickness of ~6 cm reduced 
from 22.3 dB to 20.3, 17.6, and 14.7 dB, and that of the PUG- 
10 foam with the same thickness reduced from 39.4 dB to 34.9, 
26.2, and 23.4 dB, respectively. The comparative analysis of 
their SE absorption and SE reflection suggested that the 
decrease of SE total was mainly attributed to the reduction in 
SE absorption, because very similar SE reflection was observed 
for all compressed samples. To the best of our knowledge, SE 
reflection of a shielding material is mainly dependent on the 
impedance at the interfaces.°*°” Because the electrical 
conductivity of the PUG-S and PUG-10 foams just slightly 
increased from 0.03 and 0.06 to 0.07 and 0.16 S/m with the 
increase of applied compressive strains from 0 to 75% due to 
the increased contact region of graphene network under 
compression (Figure S3), the PUG foams with different 


compressive strains would have similar impedance conditions 
at the interface, thereby possessing similar SE reflection as 
mentioned above. With regard to the reduced SE absorption, 
although the slightly increased electrical conductivity could 
enhance the conductive dissipation of EM waves, the shrinking 
of the 3D conductive graphene network under compression 
(Figure 4G) would lower the cell—matrix interface area and 
thus greatly weaken the multiple reflections and scattering of 
EM waves among the cell walls, leading to the reduction in SE 
absorption. More importantly, as displayed in Figure 5, the 
average SE total of the PUG-S and PUG-10 foams with 
thicknesses of ~6 cm did not show an observable decrease 
during 50 cycles with different compressive strains, indicating 
an excellent cycling stability. This finding signified that, except 
for unhandily changing either graphene content or sample 
thickness, the SE total of the PUG foams could be simply 
adjusted by physically compressing or releasing them. In other 
words, our PUG foams could realize the performance 
adjustment through a simple mechanical compression, showing 
promise for adjustable EMI shielding. 
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Figure 5. Shielding performance (the value of average SE total) of (A) 
the PUG-S foam and (B) the PUG-10 foam under cycling stability test. 


Overall, the coating of graphene sheets onto the frameworks 
of PU sponges could result in the fabrication of PUG foams 
with an ultralow density, and the formation of a 3D conductive 
graphene network in the PUG foams endowed them with good 
comprehensive shielding performance in comparison with the 
reported PGC or PGC foams. In addition, the PUG foams 
could also realize convenient performance adjustment through 
a simple mechanical compression due to their excellent 
compressibility. We believe that the strategy for fabricating 
PGC foams through a simple dip-coating method could 
potentially promote the large-scale production of lightweight 
foam materials for EMI shielding. 


4. CONCLUSIONS 


PUG foams with densities as low as ~0.027—0.030 g/ cm? were 
fabricated by coating GO sheets onto the PU sponges through 
a simple solution dip-coating method followed by reduction in 
hydrazine vapor. Due to the formation of a 3D conductive 
graphene network, the PUG foams exhibited excellent EMI 
shielding performance combined with an absorption-dominant 
shielding mechanism. Despite a large effective thickness of 
several centimeters, the high total SE value combined with the 
ultralow density still endows the PUG foams with a good 
comprehensive shielding performance in comparison with most 
of the reported PGC or PGC foams with much smaller sample 
thicknesses. Moreover, by taking advantage of their remarkable 
compressibility, the SE total of the PUG foams could be simply 


adjusted by physically compressing or releasing them, showing 
promise for adjustable EMI shielding. 
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